Control of cell division in the budding yeast Saccharomyces cereuisiae occurs within the GI portion of the cell cycle (10) . Hartwell and his colleagues (10, 14) have defined "start" events within Gli the performance of which results in initiation of budding and deoxyribonucleic acid (DNA) synthesis. Before "start" can be completed, a number of physiological requirements, including growth to some critical size (14) , must be met. Normally, cell division (the DNA division cycle) and growth (the growth cycle) are coordinated (19) , but these two cycles are not necessarily interdependent (10, 14, 19, 29, 31) . Recently we observed that during nitrogen starvation, which arrests yeast cells in the GI portion of the cell cycle (10, 14) . cell division was accompanied by less-than-normal amounts of growth. Under these conditions, a high proportion of abnormally small cells was produced (13, 14) .
We report here the results of an investigation to define the relationship between growth and cell division in S. cerevisiae during nitrogen deprivation. Diverse aspects of growth, metabolism, and cell division during starvation have been investigated in a number of cell types other than yeast (2- 6, 19, 21) . However, no systematic study has yet been made with S. cerevisiae. If MATERIALS AND METHODS Strains. Two diploid strains of S. cerevisiae, AG-1 and AG1-7, were used throughout this study. Both were derived from two haploid strains, M56-20C (a his6 ural aga2 gall) and S 185 (a ade6 leul gall), kindly provided by P. Whitney. Strain AG-1 is a prototrophic diploid resulting from the mating of strains M56-20C and S 185. The diploid auxotrophic strain AG1-7 resulted from mitotic recombination for his6 and ural in strain AG-1.
Media and culture conditions. Cells were grown in a liquid synthetic medium (YNB) described previously (14) . For nitrogen-free medium (YNB-N), (NH4)2S04 was omitted. All cultures were grown at room temperature (20 to 23°C) in Erlenmeyer flasks on a gyratory shaker (New Brunswick Scientific, New Brunswick, N.J.). Cells were shifted from nitrogen-containing to nitrogen-free medium by collection on membrane filters (0.45-.tm pore size; Millipore Corp., Bedford, Mass.), followed by several washes with YNB-N. Filters were then placed in fresh medium and swirled to suspend the cells. and the filter was then removed. For growth of strain AG1-7, all media were supplemented with histidine (4 .g/ml) and uracil (20 gg/ml). Increased histidine and uracil concentrations did not allow increased growth during nitrogen starvation; thus, these compounds were not general nitrogen sources.
Measurement of cellular parameters. Cell numbers were routinely determined as described previously (8) after brief sonic oscillation. Viable-cell determinations were made after plating on YEPD medium (9, 25) . The proportion of cells with buds was determined by direct microscopic examination (8) The second method employed was a modification of the Lowry method, which has been described elsewhere (14) .
Accumulation of RNA and DNA was determined by labeling cells with l'Hluracil (2 ,Ci/ml; specific activity, 25 Ci/mmol; New England Nuclear Corp.) (9) of cold 95k( ethanol, and the cells were then collected by centrifugation (10 min at 1,000 x g at 4°C). The cell pellet was suspended in 0.5 ml of cold 1.0 mM sodium acetate buffer (pH 5.1) containing 5 mM sodium chloride and 0.1 mM magnesium acetate (32) . Approximately 2 g of 0.50-mm glass beads (Matheson Scientific, Inc., Elk Grove Village, Ill.) was added, and cells were lysed by mixing in a Vortex mixer for 30 s (L. Olson, personal communication). Then 4.5 ml of cold acetate buffer and 5.0 ml of phenol were added, and the mixture was shaken at room temperature for 10 min. After centrifugation at 1,000 x g for 30 min, the aqueous phase was removed, mixed with 2 volumes of 95S(4 ethanol containing 0.2 M sodium acetate, and left overnight at -20°C. The RNA precipitate was collected by centrifugation and dissolved in 1.0 ml of sodium acetate extraction buffer.
The RNA preparation was layered on a 5 to 20'4 sucrose gradient in 0.1 M acetate buffer (pH 5.1) and centrifuged for 20 h at 55,000 x g. Fractions were collected from the bottom of the tube, and radioactivity in the portions was determined in Aquasol (New England Nuclear Corp.), using a Nuclear-Chicago Mark I liquid scintillation system.
Cell lvsis and electrophoresis of cellular proteins. Cells were labeled with either lHIhistidine or 1'4CIhistidine (New England Nuclear Corp.) and harvested by centrifugation for 5 min at room temperature and 6,000 x g. Cell pellets were frozen and then thawed with the addition, at 4'C, of 0.05 M sodium phosphate buffer (pH 7.45) containing the protease inhibitor phenylmethylsulfonyl fluoride at 0.3 mg/ml (24) . The cell suspension was passed through a chilled Aminco French pressure cell at 1.25 x 107 kg/m2'. After removal of cell debris by centrifugation for 5 min at 300 x g, proteins in the cell lysate were precipitated by the addition of an equal volume of 10(7c CC1:COOH. The precipitated proteins were collected by centrifugation at 16,000 x g for 10 min, washed twice with cold absolute ethanol, and dried under vacuum. The proteins were taken up in sample buffer (33) containing 0.3 mg of phenylmethylsulfonyl fluoride per ml, heated in a boiling-water bath for 3 min, and subjected to electrophoresis (33) in cylindrical 7.5%c polyacrylamide gels. After electrophoresis, gels were frozen on dry ice and sliced into 1-mm disks. Each slice was digested in 5 ml of toluene containing 3(4 Protosol and 0.8(4 Omnifluor (both New England Nuclear Corp.), and radioactivity, corrected for crossover and quenching, was determined with a Philips multichannel scintillation counter.
RESULTS
Metabolism of macromolecules during nitrogen starvation. Cells of S. ceret'isiae AG1-7 growing exponentially in synthetic medium (YNB) were transferred to a nitrogen-free medium (YNB-N). Half of this culture was supplemented with (NH4)2S04 to the concentration present in YNB. The number of cells in the supplemented culture continued to increase exponentially, whereas the number in the nitro-gen-deprived culture increased threefold (Fig.  ID) . The threefold increase in number was paralleled by a threefold increase in viable count (data not shown). Upon cessation of growth, 985(7 of the nitrogen-deprived cells had no buds and, therefore, were arrested in the GI phase of the cell cycle (10) .
To examine net accumulation of macromolecules, cells of strain AGI-7 were labeled for several generations with 1IHiuracil (0.2 MuCi/ ml) or Hihistidine (2 ,Ci/ml), shifted to nitrogen-free medium supplemented with the same radioactive precursor at the same specific activity, and sampled at intervals for incorporated label. Under conditions of nitrogen deprivation, there was a 2.5-fold increase in labeled DNA in the culture (Fig. 1A) , but there was little detectable increase in labeled protein (Fig. iB) or RNA (Fig. IC) . The lack of 1HIhistidine incorporation by these nitrogen-deprived cells was consistent with an absence of net accumulation of protein, as measured chemically by a modified Lowry procedure (14 (Fig. 3) . Gels stained for proteins exhibited many discrete bands (Fig. 3A) , although when they were sliced and processed for scintillation counting this resolution was lost (Fig. 3BW . Nonetheless, it is evident that, upon starvation, cells of' strain AG1-7 did not accumulate the same protein complement as those in nitrogen-replete medium (Fig. 3) the relative labeling in each region of the gel may be compared directly. Plots of the :H/l 4C ratios along gels are a much more sensitive measure of the diff'erences and similarities of the protein populations than are the gel profiles themselves. These ratios are shown in Fig. 4 . At zero time, cells in nitrogen-free medium (and those in nitrogen-supplemented medium) displayed gross patterns of' protein similar to those of' exponentially growing cells. After 2 h of nitrogen starvation, the protein pattern was markedly different from that of growing cells (Fig. 3B and 4C ). These dif'ferences persisted after 4 h (Fig. 4D ) and 7 h (data not shown) of nitrogen starvation. Parallel differences were also seen when cells were labeled with radioactive leucine (data not shown).
Changes in the patterns of protein labeling in nitrogen-deprived cells may reflect different synthetic capabilities of cells. Alternatively, different patterns may reflect new synthesis of enzymes, such as those for arginine catabolism induced by nitrogen deprivation (18, 34) or selective (preferential) protein degradation.
To test the first alternative, cells of strain AG1-7 were grown for six generations in medium containing arginine (200 gg/ml) as a nitrogen source -conditions sufficient to induce the arginase enzyme system (17, 35) . The cells were then placed for 30 min in medium containing both arginine and ['1C]histidine, collected by centrifugation, and frozen. For electrophoresis, the 'C-labeled cell pellets were mixed with cells from a [3H]histidine-labeled exponentially growing culture or from a 13H]histidinelabeled culture that had been starved for nitrogen for 4 h. The channel ratio plots of cells growing exponentially with either arginine or (NH4)2SO4 as the sole nitrogen source were similar. However, the ratios comparing proteins of arginine-grown cells with those of nitrogen-starved cells showed the characteristic differences seen in Fig. 4C or D . Thus, the pattern of soluble protein synthesis in nitrogenstarved cells was not merely that of a cell induced for arginine catabolism.
To test the second alternative, the patterns of prelabeled proteins in starving cells and the pattern of proteins in growing cells were compared. No difference was observed (Fig. 5) . The extensive protein degradation observed in nitrogen-deprived cells was not generally directed toward one class of soluble proteins and did not produce detectable polypeptide fragments. Therefore, degradation alone does not account for the differences in patterns of protein labeling between growing and starving cells.
Stable RNA metabolism during starvation. During starvation for nitrogen, there was no net accumulation of RNA (Fig. 1) (5, 6, 19, 21) and some eucaryotes (5, 6, 9, 10, 27, 34), including S. cerevisiae (7). Hopper et al. (11) examined macromolecular metabolism accompanying sporulation in S. cereLisiae and found that cells placed in sporulation medium also degraded both protein and RNA. Diploid strains of genotype a/a, although incapable of completing sporulation, showed patterns of degradation similar to those of sporulating a/a strains (11) . The experiments measuring degradation as reported here involved nitrogen . * , deprivation in the presence of glucose. These .% 0. 9 conditions, however, inhibit sporulation.
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